Partition coefficients of drugs between lipid bilayer vesicles (liposomes) and water provide fundamental information relating to the drug interactions with biomembranes. Of particular interests are thermodynamics of the partitioning process into lipid bilayer membranes. Most drugs usually partition into cell membrane by passive diffusion. Thus, thermodynamics can reveal not only essential driving forces of drug partitioning into lipid bilayer membranes but also helpful information for their pharmacodynamic and pharmacokinetic understanding. The thermodynamics of the drug partitioning has been studied in n-octanol/water systems and liposome/water systems. [1] [2] [3] [4] [5] [6] However, n-octanol/water system is a too simplified biological model to study the drug-membrane interactions which are important for membrane transport and physiological activity of drugs. It is suggested that the partition coefficients obtained with liposome/water systems are superior to those derived from non-polar solvent/ water systems in quantitative structure-activity relationship (QSAR) applications. [7] [8] [9] By using the liposome/water system, and applying secondderivative spectrophotometry, we previously reported the partition coefficients of widely used psychotropic phenothiazine drugs, chlorpromazine and promazine. 10) Further, the effects of liposome size and cholesterol content on the phenothiazine partition coefficients in the liposome/water system were clarified. 11) In this study we examined the thermodynamics of the partitioning of trifluoperazine (TFPZ), triflupromazine (TFZ), chlorpromazine (CPZ) and promazine (PZ), into sonicated phosphatidylcholine (PC) small unilamellar vesicles (SUV) also by using second-derivative spectrophotometry. It has been recognized that the secondderivative spectrophotometry can eliminate the effect of background signals 12, 13) and be usefully applicable to the determination of the partition coefficients of drugs between lipid vesicle and water 10) without the troublesome separation procedures which may disturb the equilibrium states and may cause fluctuation in the temperature of sample solutions. [14] [15] [16] The use of SUV as a biomembrane model in the thermodynamic studies is considered to be more suitable than multilamellar liposomes that have been widely used where separation procedures were employed.
Experimental
Calculation of Molar Partition Coefficients The molar partition coefficient (K p ) of phenothiazine between the PC SUV and water is defined as, 10, 17) (1) If the background signal effect based on the PC SUV is eliminated in the second derivative spectra, the derivative intensity difference (DD) of phenothiazine before and after the addition of PC SUV at a specific wavelength is proportional to the concentration of phenothiazine in the PC SUV. As described in a previous paper, 10) we can get Eq. 2 from Eq. 1, 
10)
Calculations of Thermodynamic Parameters In order to calculate thermodynamic parameters, the molar partition coefficients, K p (mol), of phenothiazine drugs are converted to the K p (vol) based on the membrane and buffer volumes, i.e., K p (mol) is divided by 42 as K p (mol)/42ϭK p (vol). 17) The free energy of partitioning (DG w→l ) is related to K p (vol) by Eq. 3,
where R is the gas constant (8.314 J · mol Ϫ1 K
Ϫ1
) and T is the temperature in Kelvin.
The temperature dependence of partitioning was used to obtain the enthalpy (DH w→l ) of the process which was determined from the slope of the van't Hoff plot of ln K p (vol) vs. 1/T as below, (4) The change in entropy (DS w→l ) at a given temperature is calculated from Eq. 5 using the obtained values of DH w→l and DG w→l :
Reagents TFPZ dihydrochloride, TFZ hydrochloride, CPZ hydrochloride and PZ hydrochloride ( Fig. 1) were purchased from Sigma and used without further purification. The buffer used was 50 mM NaCl-10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes buffer, pH 7.4). Egg L-a-PC of 99% purity was purchased as a 2% (w/v) chloroform solution from Avanti Polar-Lipids Inc. (Alabaster, AL, U.S.A.). The purity of PC was confirmed by thin-layer chromatography and it showed a single spot.
PC SUV Preparation By using a rotary evaporator and then a vacuum pump, 4.5 ml of the 2% PC solution was dried. To the dried PC 5 ml of the buffer were added so as to yield ca. 24 mM PC concentration and the mixture was vortexed to produce multilamellar vesicles. Then SUV were prepared by the sonication method as previously reported. 10) SUV size distribution was determined by a dynamic light scattering method using a submicron particle analyzer (Nicomp Model 380, Particle Sizing Systems, Santa Barbara, CA, U.S.A.), 11) and confirmed to be that the diameters of more than 90% of the vesicles were in the range of 20-30 nm.
Phosphorus Determination The exact PC concentration in the SUV suspensions was calculated from phosphate analysis according to the phosphovanadomolybdate method.
18)
Measurements of Absorption and Second Derivative Spectra To each of several 10 ml volumetric flasks, an appropriate amount of phenothiazine stock solution was added so that the final drug concentration in the sample solutions became 15 mM. Then suitable amounts of the SUV suspensions were added to the flasks, and the buffer was further added to volume. Each flask was shaken for a short time and incubated at a given temperature in a temperature-regulated water bath for 30 min. Then an absorption spectrum of the sample solution with a wavelength interval of 0.1 nm was measured against the reference solution by using a photodiode array spectrophotometer (Shimadzu MultiSpec-1500) equipped with a temperature-regulated cell holder in a 1-cm light-pass length cuvette at the given temperature.
The second derivative spectra based on the Savitzky-Golay method 19) were calculated by a personal computer. 20) The cubic polynomial convolution of 17 points and the wavelength interval (Dl) of 0.5 nm was used in the calculation.
Results and Discussion
Absorption and Second Derivative Spectra The absorption spectra of TFPZ in the sample solutions containing various amounts of SUV at 37°C are shown in Fig. 2 as an example. The absorption maximum of TFPZ exhibits a bathocromic shift according to the increase in PC concentration indicating the partition of TFPZ to the PC bilayer of SUV, but any isosbestic point cannot be observed. It is obvious that the counterbalance of the background signals of SUV in the sample and reference beams is incomplete, despite the fact that the solutions in the sample and reference cuvettes were prepared to contain the same amount of SUV.
The second derivative spectra calculated from the absorption spectra in Fig. 2 are shown in Fig. 3 . Similarly to Fig. 2 The numbers in the figure are the same as in Fig. 2. a bathocromic shift is observed with an increase in the PC concentration. Three derivative isosbestic points are clearly observed in Fig. 3 . The existence of the derivative isosbestic points indicates that the influences of the residual background signal of SUV are entirely eliminated in the second derivative spectra, and that TFPZ exists in two states, 21) i.e. in the bulk water and the PC bilayer of SUV. Similar results were obtained for TFZ, CPZ and PZ. Table 1 and their R.S.D of below 10% confirms a good precision of the second derivative method.
In Fig. 4 Temperature Dependence of Partitioning The thermodynamic parameters for the phenothiazine partitioning from bulk water phase to the PC bilayer of SUV were calculated from van't Hoff analysis based on the temperature dependence of K p value, and the results were shown in Fig. 5 and Table 2 . As seen in Fig. 5 , the van't Hoff plot for each phenothiazine drug revealed a linear line with a positive slope. The positive slopes, i.e., negative D H w→l values show that the partitioning of phenothiazine drugs is an exothermic process and it can be considered that the electrostatic interaction, positively charged alkyl amino groups of the phenothiazine drugs and negatively charged phosphate groups on the surface of PC SUV, partly contributes to the partitioning.
Meanwhile, the D S w→l values are positive as seen in Table  2 . Thus, being associated with negative D H w→l and positive D S w→l , the partitioning of phenothiazine drugs into PC bilayer membranes is considered to be an entropy/enthalpy-driven reaction. 22) This result is consistent with the result of a thermodynamic study on the interactions of phenothiazine drugs with erythrocyte ghost membranes performed by a microcalorimetry. 23) Therefore, it has been confirmed that SUV is far preferable for a biomembranes model than multilamellar vesicles also in thermodynamic studies.
1)
The D S w→l value was enhanced by introducing halogen atom(s) at position C-2 on the phenothiazine ring (HϽ ClϽCF 3 ) as seen in Table 2 . This can be considered as that DS w→l reflects the increase of motions of acyl chain region in the PC bilayer membranes, i.e., the insertion of phenothiazine ring as a result of the partitioning will give some perturbations to the motions of acyl chain regions and the extent of the perturbation will be in order of HϽClϽCF 3 . The DS w→l values of TFPZ and TFZ show similarly about 60 J · mol Ϫ1 K
Ϫ1
, though the K p values were considerably different, which can be explained that both TFPZ and TFZ have a trifluoromethyl group and thus have similar interactions with the acyl chain regions of the PC bilayer membranes.
From enthalpy-pentropy correlation analysis of plotting DS w→l against DH w→l as in Fig. 6 , a good linear relationship is confirmed by an excellent correlation coefficient (rϭ 0.999), showing strong entropy-enthalpy compensation. The result also indicates that the phenothiazine drugs studied have an identical interaction mechanism with the PC bilayer membranes. 24) In conclusion, our results give some useful information for the consideration with respect to the phenothiazine drug transport process into biomembranes. Also, it can be emphasized that the second-derivative spectrophotometric method can enable to use SUV in thermodynamic studies of the drug interactions with lipid bilayer membranes without any perturbations on the equilibrium state and temperature of the sample solutions. It is also elucidated that to use SUV as a biomembrane model is far preferable than MLV which is forced to use in the methods employing separation procedures. 
